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Abstract 
Ce-bastnäsite is the single largest mineral source for light rare-earth elements. In view of the growing 
industrial importance of rare-earth minerals, it is critical to develop more efficient methods for separating 
the valuable rare-earth-containing minerals from the surrounding gangue. In this work, we employ a 
combination of periodic density functional theory (DFT) and molecular mechanics (MM) calculations 
together with the de novo molecular design program HostDesigner to identify bis-phosphinate ligands 
that preferentially bind to the (100) Ce-bastnäsite surface rather than the (104) calcite surface. DFT 
calculations for a simple phosphinate ligand were employed to qualitatively understand key behaviors 
involved in ligand–metal, ligand–solvent, and solvent–metal interactions. These insights were then used 
to guide the search for flexible, rigid, and semirigid hydrocarbon linkers to identify candidate bis-
phosphinate ligands with the potential to bind preferentially to Ce-bastnäsite. Among the five most 
promising bis-phosphinate ligands suggested by theoretical studies, three ligands were synthesized and 
their adsorption characteristics to bastnäsite (100) interfaces were characterized using vibrational sum-
frequency (vSFG) spectroscopy, attenuated total reflectance Fourier transform infrared (ATR-FTIR) 
spectroscopy, and isothermal titration calorimetry (ITC). The efficacy of the selective interfacial molecular 
binding was demonstrated by identifying a bis-phosphinate ligand capable of providing an overall higher 
surface coverage of alkyl groups relative to a monophosphinate ligand. The results highlight the interplay 
between adsorption binding strength and maximum surface coverage in determining ligand efficiency to 
render the mineral surface hydrophobic. DFT calculations further indicate that all tested ligands have 
higher affinity for Ce-bastnäsite than for calcite. This is consistent with the ITC data showing stronger 
adsorption enthalpy to bastnäsite than to calcite, making these ligands promising candidates for selective 
flotation of Ce-bastnäsite. 
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Abstract 
 
Ce-bastnäsite is the single largest mineral source for light rare earth elements. In view of the growing 
industrial importance of rare-earth minerals, it is critical to develop more efficient methods for 
separating the valuable rare-earth-containing minerals from the surrounding gangue. In this work, we 
employ a combination of periodic density functional theory (DFT) and molecular mechanics (MM) 
calculations together with the de novo molecular design program HostDesigner to identify bis-
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phosphinate ligands that preferentially bind to the (100) Ce-bastnäsite surface rather than the (104) 
calcite surface. DFT calculations for a simple phosphinate ligand were employed to qualitatively 
understand key behaviors involved in ligand-metal, ligand-solvent, and solvent-metal interactions. These 
insights were then used to guide the search for flexible, rigid, and semi-rigid hydrocarbon linkers to 
identify candidate bis-phosphinate ligands with the potential to bind preferentially to Ce-bastnäsite. 
Among the five most promising bis-phosphinate ligands suggested by theoretical studies, three ligands 
were synthesized and their adsorption characteristics to bastnäsite (100) interfaces were characterized 
using vibrational sum frequency (vSFG) spectroscopy, attenuated total reflectance Fourier transform 
infrared (ATR-FTIR) spectroscopy, and isothermal titration calorimetry (ITC). The efficacy of the selective 
interfacial molecular binding was demonstrated by identifying a a bis-phosphinate ligand capable of 
providing an overall higher surface coverage of alkyl groups relative to a monophosphinate ligand. The 
results highlight the interplay between adsorption binding strength and maximum surface coverage in 
determining ligand efficiency to render the mineral surface hydrophobic. DFT calculations further 
indicate that all tested ligands have higher affinity for Ce-bastnäsite than for calcite.  This is consistent 
with the ITC data showing stronger adsorption enthalpy to bastnäsite then to calcite, making these 
ligands promising candidates for selective flotation of bastnäsite.  
Introduction 
 
Molecular recognition is defined by Lehn1 as a process designed to achieve a purpose or a specific 
function, such as a selection over several substrates by a given synthetic receptor for ion transport, 
catalysis, separation, etc. These principles have grown from pioneering studies on spherical recognition 
of alkaline ions by macrobicyclic cryptands to become a major field of supramolecular chemistry that 
encompasses molecular assemblies in solution, polymer matrices, various two-dimensional networks, 
and ordered solids.2,3  Despite the potential power of this approach, the application of molecular-
recognition principles to selective binding at inorganic interfaces to drive the formation of molecular 
assemblies endowed with desirable properties and functions is notably less common.4,5 It has been 
appreciated that a high degree of recognition can be achieved with ligands having more than one active 
group provided they are arranged in a complementary fashion to simultaneously interact with several 
surface sites.6-12 By controlling the spacing between the chelating groups, significant advances have 
been made in inhibiting the growth of (011) faces of BaSO4,7,8,12 improving the adhesion of a solid-solid 
interface in a twinned crystal of saccharin,9 and stabilizing colloidal suspensions of SnO2 particles.10  
The efficacy of interfacial molecular recognition has yet to be demonstrated for the mineral-processing 
industry, where selective binding of ligands to exposed facets of mineral particles can be exploited to 
develop new strategies for efficient and selective separation of target minerals from waste materials 
(gangue). A large body of existing work has been dedicated to understanding molecular modeling of 
adsorption species with a single functional group,13,14 while notably fewer studies have explored 
simultaneous binding of polyfunctional reagents to multiple surface sites,15 which could bolster 
selectivity and efficiency.  Furthermore, to avoid spurious charge-charge interactions across supercell 
boundaries, acidic ligands in those studies13-15 were represented in the neutral (protonated) form, 
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whereas under experimental conditions they bind to the metal ion surface site in the deprotonated 
form. In this work, we present a computational approach to identify three-dimensional molecular 
architectures that provide an optimal arrangement of two binding sites for interfacial molecular 
recognition.  Herein, we apply our approach to identify bis-phosphinic acid ligands capable of selective 
and strong binding to target sites on the bastnäsite (100) interface, which are the single largest mineral 
source for light rare earth elements (REE).16,17  Focusing on this particular model REE mineral, we are 
motivated by the major role of REE in many current high-technology applications put at risk by the 
uncertain supply of REE.18,19 As the demand for REE and accompanying supply risk is expected to grow,20 
the REE have been identified as critical materials.21 Especially, Nd and Dy are critical components of 
strong permanent magnets, and Y is widely used in phosphors and ceramics.18,19 We note that the 
molecular design approach we detail here for REE can be readily extended to obtain a fundamental 
understanding and predictive power to design beneficiation schemes for other non-REE critical 
materials.  
Complicating matters, mined REE ores always occur as a mixture of REE-containing minerals (e.g., 
xenotime, bastnäsite, and monazite) and surrounding gangue material (e.g., calcite, barite, 
dolomite).22,23 A first step in processing the mined REE-containing ore is to separate the REE-containing 
minerals from the gangue. Froth flotation is frequently employed for this step.23,24 This process involves 
bubbling air through a tank with a mixture of water, finely ground ore, and hydrophobic collector 
molecules (e.g., tall oil fatty acids24). The purpose of the collector molecules is to selectively bind to the 
REE minerals to render them hydrophobic. The hydrophobic REE minerals are then floated to the top of 
the tank by the air bubbles, and the resulting froth (enriched in REE) is skimmed off. Separation in froth 
flotation is often enhanced by controlling the pH and adding depressant molecules that bind to the 
gangue to keep it solvated in the water phase.22 An order-of-magnitude increase in concentration of REE 
minerals can be achieved in this manner, greatly reducing the costs of subsequent transportation and 
refining. 
Froth flotation is being employed at two commercial REE mines (Bayan Obo, China and Mountain Pass, 
CA, USA) that are focused on recovery of bastnäsite deposits. In the case of the Mountain Pass mine, the 
gangue material is predominantly calcite.20,22,24 Molycorp Inc. operating the Mountain Pass mine 
employed tall oil fatty acids as collector agents that exhibited relatively poor selectivity for bastnäsite - 
recovering only 60% of the REE -  with the remainder being lost to tailings.25,26 Past efforts to design 
improved collectors have met with mixed success wherein a predominance of approaches have relied 
primarily on trial and error approaches.24,27  In contrast, a molecular based guided approach using 
judiciously chosen collectors could improve recovery and REE separation processes, thus  opening up 
new commercially viable sources for REE, diversifying the supply chain and enabling advanced 
applications requiring large amounts of REE.18,19  
To address the growing needs to develop improved separation technologies for REE,22,28 herein we 
present a computationally driven approach to design surface active molecules with the optimal 
arrangement of two polar head groups for binding to a specific surface. This approach considers the 
intrinsic local surface chemistry of the mineral interfaces by tailoring the length and rigidity of linkers 
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between the binding groups to maximize adsorption strength. Performing additional DFT calculations for 
different mineral surfaces thereby gives key information on ligand selectivity.  
Previous work in our group16,17,29 has been devoted to laying the foundation for an ab initio, rational 
basis for designing improved collector agents. In particular, density functional theory (DFT) calculations 
were employed to identify the most stable surfaces for La-bastnäsite,17 as well as Ce-bastnäsite and 
calcite.16 With this foundation in place, we are in a position to search for ligands that preferentially bind 
to bastnäsite rather than to calcite. The present search approach has three main components: 1) we 
performed DFT calculations for a prototypical ligand in order to understand the qualitative features of 
how it binds to bastnäsite during the froth flotation process and set limits on the permissible search 
space for improved ligands. 2) we then executed a search for possible candidates with the molecular 
design software HostDesigner,30 ranking each candidate with molecular mechanics calculations and 
down-selecting the ligands based on the ease of synthesis. 3) we then assessed the potential of the best 
candidates by ranking them based on DFT calculations. In line with previous recommendations,16 we 
focused our efforts on phosphinate ligands and Ce-bastnäsite, as La-bastnäsite is believed to behave 
similarly.  Among several most promising ligands, three bis-phosphinic acids and one monophosphinic 
acid taken as a control were synthesized, and their binding properties were characterized using 
vibrational sum frequency generation (vSFG),  attenuated total reflectance Fourier transform infrared 
(ATR-FTIR) spectroscopy, and isothermal titration calorimetry (ITC). Adsorption characteristics obtained 
from these experiments confirmed the efficacy of the computational approach to design ligands with 
enhanced adsorption to mineral particles having direct implications of high recovery of rare earth ores 
by froth flotation.  
Materials and Methods 
Electronic Structure Calculations 
We performed electronic structure calculations (gradient-based geometry optimization and ab initio 
molecular dynamics, MD) with the plane-wave density functional theory (DFT) package VASP31-33 to 
investigate the binding of dimethylphosphinic acid (DMP) on the most stable terminations of 
Ce-bastnäsite and calcite. We generated Ce-bastnäsite and calcite slabs in accordance with prior work in 
our group.16 The Ce-bastnäsite(100) slabs were seven CeFCO3 layers thick (bottom three frozen), and the 
calcite(104) slabs were five CaCO3 layers thick (bottom two frozen). A vacuum slab 15 Å thick was used 
in all cases. 
For Ce-bastnäsite we performed calculations for primitive (1x1) unit cells as well as 1x2 and 2x1 
supercells. For calcite we investigated primitive (1x1) unit cells as well as 1x3 and 3x1 supercells. We 
employed gamma centered k-point meshes of 4x4x1 (Ce-bastnäsite 1x1), 4x2x1 (Ce-bastnäsite 1x2), 
2x4x1 (Ce-bastnäsite 2x1), 3x3x1 (calcite 1x1), 1x3x1 (calcite 3x1), and 3x1x1 (calcite 1x3). We used PAW 
pseudopotentials34,35 with the PBEsol functional36 and the semi-empirical D3 dispersion correction of 
Grimme et al.37 As it has previously been shown that Ce f-electrons do not participate in binding,16 we 
treat them as core electrons. To capture the effect of the solvent environment, we carried out 
calculations with varying amounts of water: up to nine monolayers of two water molecules each for 
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Ce-bastnäsite and up to three monolayers of two water molecules each for calcite (we only consider 
explicit solvent in our calculations). For Ce-bastnäsite we also substituted the acidic proton on the DMP 
for a Na+ cation for select calculations to investigate the effect of the cation on DMP binding. Our Na 
pseudopotential had six valence electrons, and we always coordinated the Na with at least six water 
molecules. 
In the presence of large amounts of water (above three monolayers) for 1x1 Ce-bastnäsite unit cells, we 
carried out short ab initio MD (AIMD) runs to sample the configurational space of the water layer prior 
to subsequent geometry optimization. The MD simulations used only the gamma point and had much 
looser convergence criteria. The MD runs followed a set temperature schedule: 500 fs ramp from 300 K 
to 600 K, 500 fs ramp from 600 K to 300 K and at least 500 fs equilibration at 300 K with fluctuations 
about 300 K (SMASS = 0.32). During the equilibration period, geometries were sampled every 125 fs and 
employed as initial configurations for geometry optimizations. The lowest energy optimized 
configuration from each of these runs was selected for further analysis. Binding energies for solvated 
systems were calculated with respect to a slab with an equivalent number of adsorbed water molecules 
and the protonated ligand in the gas phase.  
To confirm that including only the first layer water molecules and truncating alkyl chains does not lead to 
structural artifacts at the adsorption site, AIMD simulations in explicit water were performed for one of 
the promising bis-phosphinic ligands, 13b, in which all n-octyl groups were retained (Scheme 1). Starting 
from the most stable arrangement of 13 on the Ce-bastnäsite (100) surface in a 1x2 supercell, the system 
was extended to 2x2 supercell by keeping only one ligand, in which two of its methyl groups were replaced 
by n-octyl groups to obtain 13b. Five CeFCO3 layers were kept for MD runs (bottom three frozen). Two 
systems were generated by placing a total number of 47 and 123 water molecules, respectively, at the 
interface. In the latter case, two protons bound to surface carbonates were removed and two Na+ cations 
were randomly added to the water layer. The two systems thus generated were first pre-equilibrated 
(only second- and upper layers of solvent molecules and hydrophobic chains were allowed to move in this 
step) by carrying out classical molecular dynamics simulations (NVT) for 3 ns at T = 300 K using the PCFF+38 
force field supported in MedeA-LAMMPS.39,40 The structures obtained from these pre-equilibration 
simulations were then subjected to 500 steps of unconstrained geometry optimization (except for the 
bottom three layers of CeFCO3) using VASP, followed by AIMD simulations for ~10 ps at 300 K using the 
Nosé-Hover thermostat with a time step of 0.5 fs.  
Candidate Ligand Identification 
Generation of Ligand Structures 
To generate candidate ligand structures, we utilized the de novo structure-based molecular design 
software, HostDesigner (HD)30 (freely available at https://sourceforge.net/projects/hostdesigner). This 
general-purpose design software assembles 3D molecular structures by connecting user-defined input 
fragments with hydrocarbon fragments taken from the HD database.30,41-43 A DMP molecular fragment 
was created by replacing one of the methyl groups with a bonding vector. Five different input fragment 
structures were created by varying the placement of two DMP fragments on the Ce-bastnäsite(100) 
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surface. The initial placements were based on the optimized geometries from electronic structure 
calculations.  
Parameters were set to allow variation of specific bond angles and dihedral angles within each input 
fragment structure. The ranges of these geometry drives were obtained by a series of electronic 
structure calculations. First, individual bond angles and dihedral angles were perturbed one-at-a-time in 
the ground state structures of monodentate and bidentate DMP when attached to the slab. Then the 
key atoms involved in bond angle or dihedral angle were frozen as well as the bottom two layers of the 
slab, and the geometry was optimized. In this manner, a potential energy surface along each degree of 
freedom was constructed. The permissible ranges for the geometry drives were set by limiting the total 
energy change to be ~0.22 eV (~5 kcal/mol) when moving along the potential energy surface in any 
direction away from the ground state structure (details are given in Results and Discussion). 
Molecular Mechanics Calculations 
We performed molecular mechanics calculations with the MM3 force field44-46 as implemented in 
PCModel (www.serenasoft.com), a program that is capable of performing both geometry optimizations 
and conformational analyses. This entailed modification of the default parameter set. As in prior studies 
of phosphine oxides,47,48 existing MM3 phosphinate parameters49 were adjusted to improve agreement 
with rotational potential energy surfaces computed at the MP2/cc-pVTZ level of theory. Cerium atoms 
were modeled using a points-on-a-sphere approach.50,51 To mimic the steric environment of the 
bastnäsite surface, the bis-phosphinate ligands were initially optimized on a portion of the surface 
surrounding the Ce atoms bound to each phosphinate. During these optimizations, bastnäsite atomic 
coordinates were held constant by assigning large force constants to bonds and angles in the surface. 
Surface-bound phosphinate ligands were treated by adding Ce–O bond, Ce-O-P angle, and Ce-O-P-X 
(X=C,O) torsion parameters. The complete set of modified MM3 parameters is provided as Supporting 
Information (SI). Conformational searching was accomplished using Monte Carlo random sampling and 
stochastic simulation strategy with default settings in PCModel. A search was terminated when one of 
the stopping criteria was met, either exceeding a limit of 100,000 trials or after 50 consecutive trials in 
which no new conformation was located within 0.15 eV (3.5 kcal/mol) of the global minimum. 
Candidate Ligand Scoring Protocol 
HostDesigner ranks the output ligand structures based on geometric factors. These structures are 
further sorted with subsequent molecular mechanics-based analysis and the prioritized structures have 
energies within 0.2 eV of the most stable one. This analysis includes two steps. First, the ligand adopts 
the binding configuration from the free lowest energy conformation. Second, the binding form binds to 
the metal surface and forms the ligand-metal complex. The energy changes, ΔU1 (associated with the 
first step) and ΔU2 (associated with the second step), can be related to the free energy changes, ΔG1 and 
ΔG2, respectively.41-43 This requires inclusion of the entropic effect that is assumed to be constant except 
for the restricted bond rotation in the ligand-metal complex. Thus the total free energy change for going 
from the free to the bound state of the ligand can be approximated as: 
𝛥𝛥𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡 =  𝛥𝛥𝐺𝐺1 + 𝛥𝛥𝐺𝐺2  =  𝛥𝛥𝛥𝛥1 + 𝛥𝛥𝛥𝛥2 + 0.31𝑁𝑁𝑟𝑟𝑡𝑡𝑡𝑡                    (1)     
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The last term represents the entropic contribution, while the first two terms are the enthalpic 
contributions. 
Synthesis 
One mono- and three computationally designed bis-phosphinic acids have been synthesized starting 
with readily available ethyl octylphosphinate (22). Compound 22 was alkylated with either benzyl 
bromide, bis(bromomethyl)benzene, or 1,5-dibromopentane in the presence of base, lithium 
diisopropylamide (LDA), to produce mono- and bis-phosphinates 23. Acid promoted hydrolysis of 
phosphinates 23 afforded the desired phosphinic acids 10b, 11b, 13b, and 24 in moderate to good 
yields. A more detailed description of synthesis and characterization is provided in SI.  
P
H
O
EtO
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2)                 
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O
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Scheme 1. Synthesis of bis-phosphinic acids 10b, 11b, 13b, and 24. 
Natural Bastnäsite (100) Surface Preparation 
Gem-grade bastnäsite from Khyber Pass, Pakistan was prepared for sum frequency generation (SFG) 
spectroscopy with a Scintillator 88 Gemstone faceting machine. Initially, the (100) surface of interest 
was attached to a doping stick, with green doping wax, face down and flush with the mounting surface. 
The bastnäsite ‘back’ surface was ground with a 320-grit lapping plate to make a parallel surface to the 
(100) surface of interest. The bastnäsite was removed using methanol and then reattached to the 
doping stick with the freshly ground (100) ‘back’ surface flush with the mounting surface. The ‘front’ 
(100) surface was then sequentially ground with 320- and 600-grit lapping plates and polished with 0.3 
µm Al2O3 paste. The polished bastnäsite was removed with methanol and soaked in water prior to vSFG 
measurements. 
Vibrational Sum Frequency Generation Spectroscopy (vSFG)  
Details of our SFG instrumentation can be found elsewhere.52-54 Briefly, a regenerative amplifier (Spectra 
Physics Spitfire Pro), producing ~ 6 W average power was split into two arms. One arm was directed into 
optical parametric amplifier with a difference frequency mixer to generate broadband tunable mid 
infrared (IR) light centered near 2900 cm-1 with a bandwidth of ~ 300 cm-1 at full width half maximum.  
The remaining light was further divided such that ~ 1.2 W was directed into a 4f-pulse shaper equipped 
with a liquid crystal on silicon spatial light modulator placed at the Fourier plane to generate picosecond 
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near infrared (NIR) pulses.53 Diffracted 1st-order light from the SLM was used in all case to ensure that only 
shaped light arrive at the sample.  The IR and NIR was polarization was purified using appropriate 
polarizers then rotated using zero-order half waveplates before being combined in a colinear geometry 
with a dichroic mirror.  The copropagating beams were focused on the sample at a 60° angle relative to 
the surface normal, whereas the radiated vSFG light was collected by an achromatic doublet, polarization 
resolved, and directed through a shortpass filter to reject residual fundamental light.  The radiated vSFG 
light was then focused into a spectrograph equipped with a Pixis 256E CCD camera controlled by home 
written LabVIEW software.  All spectra were collected in the SSP polarization combination (i.e., S-vSFG, S-
NIR, P-IR).  Raw vSFG spectra were background subtracted using co-specified regions of interest and scaled 
to non-resonant spectra.53 One set of vSFG spectra probed the various ligands adsorbed to bastnäsite at 
at 0.15 mM and 1 mM bulk ligand concentrations. This was done to assess the role surface coverage when 
comparing monophosphinic vs. bis-phosphinicte ligands. Adsorption isotherms were collected for ligands 
10b and 24 by varying ligand concentrations in solution and subsequently measuring the vSFG signal. 
Obtaining vSFG spectra from ligands adsorbed to calcite samples was not possible due to the apparent 
ease of generating supercontinuum from the sample substrate.   
Attenuated Total Reflectance FTIR Spectroscopy (ATR-FTIR) 
To measure the vibrational spectra of ligands in the adsorbed state in situ, a thin film of synthetic Ce-
bastnäsite (CeFCO3) was deposited on a 45° single-reflection diamond/ZnSe internal reflection element 
(PIKE Technologies GladiATR). Scanning electron microscope (SEM) images of the synthetic bastnäsite 
showed a particle size of less than 0.5 µm. The particle film was deposited by adding 10 µl of bastnäsite 
in water suspension (13.5g/mL) and drying in air. A flow-through liquid cell was then placed over the 
film. Deionized (DI) water was flowed over the film for 20 minutes, at which point the spectrum 
remained constant. The background of the bastnäsite film in water was then set before changing to the 
ligand solution (0.4 mM, adjusted to pH 10 with NaOH). Spectra were measured in the ligand solution at 
10-minute interfals for a total of 60 minutes. For comparison with the spectra of the adsorbed ligands, 
spectra of concentrated ligand solutions (4 mM, pH 10) were measured in the absence of the particle 
film, against a background of DI water. At the low concentration used for adsorption measurements, 
bands corresponding to the ligand in solution were not detected. Thus, peaks that appeared in the 
adsorption trials could be attributed to ligand molecules adsorbed onto the particle film. ATR-FTIR 
analysis was carried out for ligands 10b, 13b, and 24. Because 24 has only one phosphinate functional 
group, it was also measured at 1 mM concentration. 
Isothermal Titration calorimetry (ITC)  
Synhtetic Ce-bastnäsite (CeFCO3)16 and commercially available calcite (CaCO3, Aldrich) samples were used 
in this study. These samples contain a small amount of water, the content of which was determined by 
thermogravimetric differential scanning calorimetry (TG-DSC, SI section). The surface area of two mineral 
samples was measured in previous work using the Brunauer-Emmett-Teller (BET) method.16 A 3 mM 
solution of each acid (unless noted otherwise) was prepared and pH adjusted to 8-9 by using NaOH. The 
adsorption energy of the ligand to the solid samples were measured via Isothermal Titration Calorimetry 
(ITC) at 25°C using a CSC 4200 instrument. For each measurement, around 10 mg solid sample powder 
was used. The calorimetry was set to dose the ligand solution in 10 µl increments with equilibrium time 
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of 600s. The integral of peak ITC peak provides the heat of adsorption. The data below are presented after 
1 (low coverage) and 20 doses (high coverage) and normalized per mole of ligand to enable comparison. 
Two or three trials for each sample were conducted to determine the experimental uncertainties.  
Results and Discussion 
Qualitative Insights into Ligand Binding on Ce-Bastnäsite and Calcite 
Binding Modes in the Absence of Water on Primitive (1x1) Cells of Ce-Bastnäsite and Calcite 
We began our search for phosphinate ligands that selectively bind to bastnäsite by locating the lowest 
energy structures on the bare surfaces in the absence of water. These structures are depicted in Figure 
1. As we show later, the lack of water does not dramatically affect the general structure of the adsorbed 
ligand, although it does decrease its binding strength. We identified two basic binding modes for both 
Ce-bastnäsite and calcite: monodentate (Figure 1a, c) and bidentate (Figure 1b, d). On Ce-bastnäsite 
monodentate DMP dissociates into an ion pair, with the proton on an adjacent surface O, whereas on 
calcite monodentate DMP adsorbs through the terminal hydroxyl group. Bidentate DMP binds very 
similarly to both surfaces. 
 
Figure 1. Images of monodentate (a, c) and bidentate (b, d) DMP bound to the most stable facets of Ce-bastnäsite (a, b) and 
calcite (c, d). Large spheres are Ce (gray) and Ca (green). Medium spheres are C (gray), O (red), F (light green), and P (orange). 
Small, off-white spheres are H. Each panel shows approximately a single 1x1 unit cell, and images are approximately to scale. 
The monodentate DMP on Ce-bastnäsite is dissociated into an ion pair with the proton on a neighboring surface O (partially 
occluded by a C atom), whereas the monodentate DMP on calcite is a neutral molecule binding through its OH group. Binding 
energies are given in Table 1. 
Binding energies for the four structures are given in Table 1. Bidentate DMP binds more strongly on 
Ce-bastnäsite than on calcite. On the other hand, monodentate DMP binds more strongly on calcite. 
Interestingly, there is a strong preference for the bidentate mode on Ce-bastnäsite (more than 1 eV), 
whereas there is very little difference in the binding energies of monodentate and bidentate DMP on 
calcite. The most stable structure in the absence of water is bidentate DMP on Ce-bastnäsite. 
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Table 1. Binding energies of DMP on bare surfaces of Ce-bastnäsite and calcite. 
 Binding Energy (eV) 
Surface Monodentate Bidentate 
Ce-bastnäsite -1.31 -2.53 
Calcite -1.59 -1.68 
 
Solvation Environment 
An important consideration in designing improved ligands is that ore beneficiation occurs in an aqueous 
environment. In order to evaluate the impact of water on the binding of DMP to both Ce-bastnäsite and 
calcite, we have carried out calculations for monodentate and bidentate DMP on both surfaces for a 
variety of water coverages. As discussed in the methods, we employed AIMD to generate a range of 
starting configurations for the optimization of Ce-bastnäsite structures with at least three monolayers 
(ML) of water (1 ML = 2 water molecules). The results are presented in Figure 2. 
 
Figure 2. Trends in binding energies for monodentate and bidentate DMP on Ce-bastnäsite and calcite as a function of water 
coverage in ML (1 ML = 2 water molecules). No bidentate mode was found on calcite at 1 ML water coverage. 
On Ce-bastnäsite, there is initially a strong preference for bidentate DMP (more than 1 eV). As the 
amount of water increases, however, the energy difference between the different binding modes 
decreases dramatically, and in the presence of large amounts of water (six and nine monolayers), the 
two modes are nearly isoenergetic. There are two contributing factors to this narrowing of the energy 
difference. First, for monodentate DMP, water hydrogen bonds with the unbound O-P in the DMP as 
well as with the surface. The presence of water rotates the methyl groups to make room for water to 
bind to a Ce atom and unbound O-P. This effect gets stronger as more water is added up to about six 
monolayers. Second, for bidentate DMP water also competes with DMP for surface Ce atoms, 
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weakening the bonds between the surface Ce and the O atoms in the DMP. Additional discussion, 
including a negligible effect of supercell expansion on the binding energies, is given in section 1 of the SI.    
On calcite, the picture is qualitatively different. There is no preference for monodentate or bidentate 
DMP binding at any coverage of water, with the exception of one monolayer water, where the bidentate 
DMP structure was unstable. At this particular coverage, when one of the two water molecules binds to 
the surface, it displaces one of the two DMP binding sites, resulting in monodentate coordination. At 
higher water coverages, the extended water network has sufficient steric hindrance to prevent the 
dislodging of the bidentate DMP. As the water coverage increases the total binding energy  on calcite 
steadily decreases. Based on the difference in binding energies at high water coverage, we expect that in 
real aqueous environments with abundant water near the surface, DMP will preferentially bind to the 
Ce-bastnäsite vs. calcite gangue. 
Determination of Permissible Geometric Perturbation Ranges for Candidate 
Ligand Search 
To set the needed geometry drives (perturbations) for HostDesigner, we mapped out the potential 
energy surfaces for monodentate and bidentate DMP as a function of their key geometric degrees of 
freedom. As discussed in section 2 of the SI and in particular Figures S2 and S3) water does not have an 
impact on the internal geometry of DMP that cannot be accounted for by simple perturbations to the 
ligand geometry on the bare surface. And since these perturbations are accounted for naturally during 
our degree of freedom scan, we employed the simpler bare surface configurations. We performed our 
scans by setting the chosen degree of freedom (e.g., a bond angle or dihedral angle) and then freezing 
the positions of the slab and of the atoms that define the specified degree of freedom. We then 
optimized the perturbed geometry of the remaining ligand atoms. 
Monodentate DMP has five accessible degrees of freedom to investigate: (1) Ce-O bond length, (2) 
Ce-Ce-O bond angle, (3) Ce-O-P bond angle, (4) rotation of the methyl groups and unbound O about the 
Ce-O-P-O dihedral, and (5) rotation of the entire ligand about the Ce-Ce-O-P dihedral. For the purposes 
of ligand design, small deviations in Ce-O bond distance do not affect the identity of the optimal linker 
fragment, so we did not investigate it further.  The results for the remaining degrees of freedom are 
shown in Figure 6.  From Figure 3a, we find that the total energy is rather sensitive to the Ce-Ce-O angle. 
A change of ±7° from the nominal value is sufficient to produce a total energy change of 0.1 eV. In 
contrast, the total energy is much less sensitive to changes in the Ce-O-P angle (Figure 3b), with changes 
of ±20° required for an energy change of 0.1 eV. We have already noted that the Ce-O-P-O dihedral 
(Figure 3c) is strongly affected by the presence of water. Fortunately, the energy variation is such that 
the top of monodentate DMP can essentially act as a free rotor about the P-O bond. We note that when 
we alter this dihedral angle we can access lower energy states. These lower energy configurations 
(shown by open symbols) are unstable and relax to bidentate DMP if the constraints are removed. We 
also investigated the Ce-Ce-O-P dihedral (Figure 3d). This dihedral angle is a very sensitive parameter. 
Perturbations beyond ±90° resulted in unphysical structures, and positive rotations resulted in 
structures that relax to bidentate DMP upon full geometry optimization. Based on these results, we set 
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the following restrictions on geometry perturbations relative to the baseline values during the linker 
search for monodentate DMP: 
• Ce-Ce-O bond angle: ±10° 
• Ce-O-P bond angle: ±30° 
• Ce-O-P-O dihedral angle: free rotor (no restriction) 
• Ce-Ce-O-P dihedral angle: from -60° to 90° 
 
Figure 3. Approximate scan over select angular degrees of freedom in monodentate DMP on Ce-bastnäsite in the absence of 
coadsorbed water. The base configuration is located at 0° on the x-axis in each panel. All angles are measured relative to the 
base configuration. Base angles are 65.2° (a), 143° (b), 324.7° (c), and 278.1° (d). For the dihedral angles (c, d), the points at 
±180° are the same configuration. Open symbols in panels (c) and (d) indicate structures that are bidentate-like or that relax to 
the bidentate configuration. In panel (d), the scanned range is restricted to ±90°; beyond this range, the P atom is pushed very 
close to the surface and the structures are unphysical. 
Bidentate DMP has fewer degrees of freedom: (1) the distance above the surface, (2) the rotation of the 
ligand about its bound O atoms, and (3) the rotation of the ligand about its vertical axis. As before, we 
ignored the distance above the surface and focused on the rotational degree of freedom. The results for 
the rotational modes are presented in Figure . Bidentate DMP was found to be rather sensitive to 
rotations about the O-O axis. A rotation about the O-O axis of 20° towards the surface increases the 
total energy by 0.2 eV, but rotations moving the methyl groups away from the surface are much less 
sensitive: a 40° rotation is required for the same energy change (Figure a). Twisting about the vertical (z) 
axis passing through the P atom is even more sensitive. A ±15° twist results in a total energy change of 
0.2 eV. As such, for bidentate DMP we set the following restrictions: 
• Rotation about O-O axis: -20°, 40° (positive is clockwise, and lifts the methyl group off the 
surface) 
• Rotation about the P z axis: ±15° (positive is counterclockwise) 
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Figure 4. Approximate scan over select angular degrees of freedom in bidentate DMP on Ce-bastnäsite in the absence of 
coadsorbed water. The base configuration is located at 0° on the x-axis in each panel. All angles are measured relative to the 
base configuration. In panel (a), the DMP is rotated clockwise about the O-O axis for positive values (with the O-O axis having 
positive direction defined as being roughly in the positive x direction). In panel (b), the DMP is twisted counterclockwise about 
the vertical (z) axis passing through the P atom of the DMP for positive values. 
Candidate Structure Generation and Evaluation 
Using the structural insights/constraints gained in the previous sections, we used HostDesigner to 
generate candidate structures by connecting two DMP fragments positioned on the Ce bastnäsite 
surface with hydrocarbon linkages taken from a database.  The DMP fragments, created by replacing 
one of the methyl groups with a bonding vector, represent three possible configuration types 
(bidentate, repeated, and staggered) in 1x2 and one configuration type (neighboring) in 2x1 supercells 
of Ce-bastnäsite (100). The bidentate (bridging) configuration occupies all four surface metal atoms in 
the 1x2 supercell.  In the monodentate cases, depending on which methyl group is chosen to become 
the bonding vector, there are two ways to create each DMP fragment. This gives rise to four possible 
vector pairs.  Two of these vector pairs are mirror images of the other two.  Since HostDesigner 
evaluates the mirror images when building, it was only necessary to use the two non-mirror vector pairs 
for each monodentate case.  In the bidentate case, only one vector pair geometry was considered due 
to structural constraints.  In all, we evaluated a total of seven different input fragments shown in Figure 
5. More detailed views of input structures are provided in Figure S10. 
 
Figure 5. Depiction of bidentate (top center) and a monodentate coordination: repeated (left), staggered (middle and bottom 
center), and neighboring (right). All four surface Ce atoms in the 1x2 supercell are occupied in bidentate coordination, while 
only two surface Ce atoms are occupied in monodentate coordination. 
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Applying the geometric degrees of freedom described in the preceding section to the seven input 
fragments, HostDesigner evaluated a total of about 970 million possible candidate geometries formed 
by superposition of hydrocarbon links on the DMP vector pairs. Excluding use of any chiral or prochiral 
links yielded 188 structures for the bidentate case, and 882, 874, and 721 structures for the 
monodentate neighboring, repeated, and staggered cases, respectively. We then selected candidates 
containing only single aromatic rings (benzene, toluene, and xylene), polycyclic aromatics, and 
symmetric straight chain alkane and alkenes. Finally, we used molecular mechanics to rank the 
remaining candidates and eliminated any structures with 𝛥𝛥𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡> 0.22 eV. In total, we identified the top 
21 candidates presented in Figure 6. The molecular mechanics results for these candidates are tabulated 
in Table S3 of the SI. 
 
Figure 6. Candidate bis-phosphinate structures identified by HostDesigner. 
Candidate Structure Re-evaluation Based on DFT Calculations  
We performed additional DFT calculations on the candidate structures in order to identify which ones 
should be synthesized and tested experimentally. This was done by placing the doubly deprotonated 
candidate ligand and two water molecules in the supercell and performing a full geometry optimization. 
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The protons were placed on surface O atoms next to the ligand O atoms on which they would be prior to 
adsorption. The water molecules were placed on the vacant surface Ce atoms in the monodentate 
configurations to reduce the chance that the monodentate ligands would relax to the bidentate mode. 
For a fair comparison between monodentate and bidentate configurations, two water molecules 
(0.5 ML) were also placed in the supercell with the bidentate ligands. Based on results in Figure 2, we 
expect that the stability of the bidentate configurations will be overestimated. As all surface Ce atoms 
are bonded to ligand O atoms in the bidentate configuration, the water molecules were laterally offset 
from the surface Ce atoms. The DFT binding energies for the candidate ligands in all binding 
configurations are given in Table 2. We find only weak correlation between the MM and DFT binding 
energies for subsets of aromatic and straight chain linkers, possibly because of the wide variation in DFT 
binding energies and because interactions, including those between water and the ligand and between 
water and the surface, were not included in the MM calculations. During optimization bidentate and 
neighboring structures stayed in their initial configuration, whereas repeated and staggered structures 
sometimes resulted in one of the phosphinate groups relaxing to a bidentate (bridging or chelating) 
binding mode. 
Table 2. DFT binding energies (eV) for the candidate ligands in the possible binding configurations depicted in Figure 5. The five 
lowest binding energies are in bold. 
 DFT Binding Energy (eV) 
Structure Bidentate Neighboring Repeated Staggered 
1  -4.07  -3.22 
2  -4.33 -3.73 -3.78 
3  -4.26  -3.19 
4 -3.96 -3.87 -3.92 -3.68 
5 -3.83 -4.00 -3.74 -2.55 
6  -4.52  -3.57 
7  -3.19   
8   -4.27  
9 -3.94 -3.95 -3.85 -3.40 
10  -4.40 -3.90 -3.37 
11 -4.31 -4.21 -3.53 -4.00 
12   -3.84  
13  -4.44 -4.00 -3.06 
14 -4.13 -3.31 -4.02 -3.08 
15  -3.95   
16  -3.12   
17 -4.01 -4.07  -3.65 
18  -2.87  -2.90 
19  -4.07 -4.02  
20    -3.57 
21   -4.04  
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Our first step in evaluating the most promising candidate structures is to compare the statistical 
distributions of the DFT binding energies. These are given as box plots in Figure 7. The minimum 
energies for each of the binding configurations for each set are ordered neighboring < bidentate < 
repeated < staggered. About 25% of the neighboring configurations have binding energies lower than 
even the minimum energies of the bidentate and repeated configurations. Repeated configurations led 
to slightly weaker binding compared to the bidentate configurations, and the number of favorable 
bidentate configurations is higher than the number of favorable repeated configurations. The repeated 
structures’ bound geometries are generally similar to the geometries for the corresponding bidentate 
configurations, and many of them have chelating or bridging phosphinate groups (specifically, 4, 9, 10, 
14, and 19). The repeated ligands with at least one bridging or chelating phosphinate tend to bind more 
strongly than the repeated ligands that bind through only a single O on each phosphinate. Interestingly, 
the strongest binding repeated mode ligand (8) does bind in a true monodentate configuration through 
each of its phosphinate groups. Staggered configurations generally result in much weaker binding than 
the other modes. Only two compounds (18 and 20) bind more strongly in the staggered configuration 
than in any other configuration. We note, however, that other binding modes were not extensively 
investigated for these two compounds. Overall, the most promising route to selective binding seems to 
be primarily through the neighboring configuration. 
 
Figure 7. Box plots showing the distribution of binding energies as a function of binding configuration: (B)identate, 
(N)eighboring, (R)epeated, and (S)taggered. Boxes denote the 25%, 50%, and 75% values for the binding energies, whiskers 
mark the upper and lower bounds of the data, excluding outliers. Outliers are points outside the interval centered on the 
median and bounded by median ± 1.5IQR, where IQR is the distance between the 25% and 75% lines. If the IQR range extends 
past the actual minimum or maximum, then the actual minimum or maximum is instead used as the lower or upper bound, 
respectively. 
With this overview of the relative prevalence of favorable binding modes, we turn our attention to 
understanding the chemical makeup of the most promising ligands. The five most promising ligands 
from Table 22 are (in order of minimum binding energy): 6, 13, 10, 2, and 11. The corresponding 
adsorbate complexes on (Ce-bastnäsite 100)surface are shown as Figures S11-S15. Two of the ligands 
(10 and 13) are semi-rigid with a single aromatic ring connected to short alkyl chains. These two 
compounds differ only in the placement of their phosphinate groups. 10 is a p-xylene derivative, and 13 
is a m-xylene derivative. Two more (2 and 6) have rigid polyaromatic backbones connected directly to 
the phosphinate groups. The difference between 2 and 6 is in the middle ring: five-membered and six-
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membered, respectively. The remaining ligand, 11, is interesting in that it is the only one with a flexible 
alkyl chain. Although it does not bind as strongly as the others, it can bind with reasonable strength both 
through the bidentate and neighboring configurations, probably because the alkyl chain is quite flexible 
compared to the more rigid ringed structures. This flexibility allows it to readily adopt several different 
conformations. It is also structurally very simple, meaning that it is easy to make and likely quite 
inexpensive, an important consideration in any practical process. 
In addition to the absolute binding strength on Ce-bastnäsite, a very important consideration is the 
binding strength of Ce-bastnäsite relative to calcite. To investigate this further, we took the five most 
promising candidate ligands from Ce-bastnäsite and placed them on calcite(104) 1x3 and 3x1 supercells 
in the presence of four water molecules (2/3 ML) in all possible configurations. The computed absolute 
binding energies, as well as their relative binding energies with respect to Ce-bastnäsite for the most 
stable configurations on each surface are given in Table 3. We would like to point out that the binding 
configurations are in reference to the starting configuration. Upon relaxation, many of the ligands take a 
different conformations, which is not surprising, because these ligands were optimized to bind to 
Ce-bastnäsite (not calcite) surface in either neighboring or bidentate configuration. Only 13 binds in the 
starting configuration for all four binding modes. From Table 33 we immediately see that all of the bis-
phosphinate ligands bind more strongly to Ce-bastnäsite than to calcite (the minimum difference is 
about 0.5 eV). This is due in large part to the lattice mismatch between the two slabs; calcite has a 
substantially smaller unit cell that induces unfavorable strain in the ligands. Of the five most promising 
ligands, two stand out as particularly promising for their high relative binding energies: 6 and 13. Both 
bind more strongly on Ce-bastnäsite than calcite by more than 1 eV. 
Table 3. Absolute and relative DFT Binding energies (eV) for most promising candidate ligands on calcite(104) 1x3 supercells 
(bidentate, repeated, and staggered configurations) and 3x1 supercells (neighboring configurations). Relative binding energy is 
the difference in the binding energies for the minimum energy structure on Ce-bastnäsite and the minimum energy structure 
on calcite. 
 Absolute DFT Binding Energy (eV)  
Structure Bidentate Neighboring Repeated Staggered Relative Binding Energy (eV) 
2 -3.20 -2.38 -3.87 -2.93 -0.46 
6 -3.13 -2.90 -2.90 -3.50 -1.03 
10 -3.29 -2.52 -3.80 -3.41 -0.60 
11 -2.73 -2.07 -2.70 -3.58 -0.73 
13 -2.67 -2.35 -2.89 -3.20 -1.23 
 
Ab Initio Molecular Dynamics (AIMD) Simulations of Ligand Adsorption on 
Mineral Surface 
AIMD simulations of ligand binding to a mineral surface in presence of explicit water provide a detailed 
description of the dynamic nature of the ligand-mineral, mineral-water, and water-ligand interactions. 
The results can also show if the structures of bastnäsite-adsorbate complexes remain consistent upon 
changing the solvation environment from one monolayer to a fully hydrated interface. With a setup 
described in the Materials and Methods section, we considered the adsorption of a hydrophobic 
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derivative of 13, in which two methyl groups were replaced by n-octyl chains (ligand 13b).  We 
considered two cases, one with the protonated surface carbonates and another with the deprotonated 
carbonates and Na+ counter ions. Although our simulations were relatively short (~10 ps), they were 
sufficient to explore water distribution around the ligand and the mineral surface. The radial distribution 
function (g(r)) clearly distinguishes between the partially water-exposed (OP1 and OP2) and fully water-
exposed (OP3 and OP4) phosphinate oxygens of 13b in both cases (Figure 8a and 8c). The integration of 
g(r) (Figure S16a and S16c) shows that OP1 and OP2, each of which forms a hydrogen bond with a water 
molecule, remain bound to the metal surface indicated by the fluctuating Ce-OP distances around 2.4 Å 
(Figure 8b and 8d). OP3 and OP4 are surrounded by 2-4 water molecules within their first hydration 
shells. For the case of protonated surface carbonate, protons remain bound to the carbonates 
throughout the simulation, whereas for the case of deprotonated carbonate and added Na+ ions, the 
latter move away from the mineral surface and remain solvated in the bulk water (Figure S16b and 
S16d). These simulations suggest that neutralizing the excess surface charge with a proton bound to a 
surface carbonate in the gas phase or microsolvated phase is a reasonable approach as the protons 
remain bound to these carbonates even in the case of complete solvation. Furthermore, using a more 
realistic, but computationally much more demanding model in which charge balance is achieved through 
addition of Na+ counterions to the hydrated interface yields similar ligand-mineral and ligand-water 
structural ensembles as those of the protonated case. 
 
Figure 8.  (a and c) Water-phosphinate oxygen radial distribution functions (g(r)) showing that the two phosphinate 
oxygens of 13b, OP3 and OP4, are fully exposed to water, while the other two, OP1 and OP2, are partially water-
exposed as they bind to the mineral surface. (b and d)s The distribution of the distances from OP1 and OP2 to 
respective Ce atoms on the surface. The cases with protonated and deprotonated carbonates (with Na+ 
counterions) are represented by the top and bottom rows, respectively. 
Vibrational Sum-Frequency Generation (vSFG) Analysis of Ligand Adsorption 
on (100) Bastnäsite Surface  
vSFG is a second-order surface specific spectroscopy55-57  that is uniquely capable of probing interfacial 
molecular species to quantify interfacial populations58,59 and molecular ordering.52,60-62 Due to the even-
order field interactions, only species at an interface where local symmetry is broken can generate 
appreciable vSFG signals, thus making it an interface specific spectroscopy and an ideal tool to probe 
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surface chemistry and complex interfaces. The measured vSFG intensity is proportional to the square of 
second order nonlinear susceptibility, 𝜒𝜒𝑒𝑒𝑒𝑒𝑒𝑒(2),  of the sample and incident driving laser fields, (EIR and 
ENIR).  
𝐼𝐼vSFG ∝  |𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣|2   ∝  �𝜒𝜒eff
(2)𝐸𝐸𝐼𝐼𝐼𝐼𝐸𝐸𝑁𝑁𝐼𝐼𝐼𝐼�
2
                                  (2) 
The effective second order nonlinear susceptibility, is the sum of resonant, 𝜒𝜒res
(2),  and non-resonant, 𝜒𝜒NR
(2),  
contributions which is given by: 
 
𝜒𝜒eff
(2)  = 𝜒𝜒NR
(2)  + 𝜒𝜒res
(2) = 𝜒𝜒NR
(2)  +�
𝐴𝐴𝑘𝑘
𝜔𝜔IR − 𝜔𝜔𝑘𝑘 + 𝑖𝑖𝛤𝛤𝑘𝑘𝑘𝑘
         (3) 
where ωIR is the frequency of incident IR light, Ak is an amplitude that is related to the interfacial 
population, ωk is the resonant vibrational frequency, and Γk is related to the linewidth of the kth mode.  
Strong vSFG signals in the -CH stretching region were obtained for all computationally designed ligands, 
indicating that they are all adsorbed at the interface.  Notably, the spectra in Figure 9 obtained from 
each ligand are distinct from one another despite the commonality of the octyl tails; these differences 
are indicative of different packing/molecular orientations that the alkyl tails can take at the interface.  
Given that different ligands head groups are expected to bind more strongly and in different geometries, 
it is perhaps not surprising that the alkyl tails assume different packing efficiencies as well.  The features 
near 2825 cm-1 correspond to the symmetric stretch for -CH2 groups, which should be weak in vSFG 
measurements given local symmetry in the alkyl chain and in plane rotational symmetry.52,60-62 The 
presence of these features in all four ligands indicates that a perfectly-formed monolayer is not formed 
for any ligand species and that in all cases the tails irregularly pack with a substantial contribution of 
tails taking on gauche conformations. Bands near 2850 cm-1 correspond to the symmetric stretches of 
terminal -CH3 groups on the octyl chains.  Peaks in the 2900-3000 cm-1 range are likely unresolved 
features from -CH2 and -CH3 asymmetric stretching modes, Fermi resonances, and/or features from -CH 
stretches on the aromatic ring. 
To assess the interfacial population for a given ligand at the mineral surface, the vSFG spectra are 
integrated and the intensity converted to vSFG field (see Eqs. 2,3).  The vSFG field is proportional to the 
interfacial population and is plotted in Figure 9b.  At first glance, this plot might indicate that the bis-
phosphinic ligands studied (10b, 11b, and 13b) bind more strongly than the monophosphinic ligand 24; 
however, considering that the measurements are made at equal molar concentrations of ligand, the 
number of binding groups in the bis-phosphinic samples is two times as high as the monophosphinic.  As 
such, the signal from 24 could be as much as two times larger if measured at equal concentrations of 
binding groups. Therefore, the data in Figure 9b reports on the overall population of a ligand at the 
surface and not on the strength of binding.  To address this difference, vSFG measurements were made 
at 1 mM bulk ligand concentrations to assess the interfacial population at full coverage, as shown in 
Figure 9c.  Notably, in both experiments, 10b gives the largest interfacial population, whereas 24 has the 
second largest coverage at high bulk concentrations despite the smallest anticipated binding strength. 
This difference can be explained by the interplay between adsorption strength and the maximum 
surface coverage, which is dependent on the size of the adsorbed ligand and coordination geometry. For 
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instance, a molecule might have a very high binding affinity, but since it takes up more room on a 
surface, the overall surface population will be lower than a ligand with a lower binding affinity but 
smaller molecular footprint.  This is apparent from Figure 9c, where monofunctional ligand 24, despite 
smaller binding affinity, has comparable or larger coverages above saturation relative to 11b and 13b, 
because 24 is likely to take up a smaller space on the surface and allow for more ligands to adsorb at 
higher coverages. In all cases studied here, 10b shows the best performance in achieving the largest 
surface coverage below and above saturation. 
 
Figure 9. (a) vSFG spectra from the four ligands studied at the bastnäsite-aqueous interface at 0.15 mM bulk concentrations 
and (b) the integrated vSFG field. (c) The relative surface population of each ligand at saturation (1 mM bulk ligand 
concentration). vSFG fields are referenced to the 10b, which showed the largest signal. Adsorption isotherms and associated 
fits for 10b (d) and 24 (d). Note the difference in sale of the abscissa between the two measurements.   
To isolate the effect of binding strength for these ligands we have collected adsorption isotherms of 10b 
and 24 to the  bastnäsite (100) surface using vSFG.  These measurements titrate in ligand at known bulk 
concentrations and measure the resulting vSFG spectra. The adsorbed ligand at a bastnäsite binding site 
is the measured quantity in vSFG, whereas signal from the free ligand in solution is eliminated due to 
symmetry.  Plotting the integrated vSFG fields vs. bulk ligand concentration for 10b and 24, we arrive at 
the data in Figure 9d and 9e, respectively.  The adsorption isotherms are fit to a Langmuir model to 
extract binding equilibrium constants at 295 K of 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 = 61.90 ± 9.06 𝑚𝑚𝑚𝑚−1 and 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 = 4.63 ±
1.19 𝑚𝑚𝑚𝑚−1 for 10b and 24, respectively.  This corresponds to an adsorption free energy of ∆G𝑎𝑎𝑎𝑎𝑎𝑎 =
−27.15 ± 0.36 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 for 10b and ∆G𝑎𝑎𝑎𝑎𝑎𝑎 = −20.77 ± 0.63 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 for 24.  This is a 27% difference in 
adsorption free energy for the disubstitued ligand as compared to the monosubstituted species.  This in 
combination with the maximum surface coverage estimated from Figure 9c indicates that 10b should 
bind more strongly and in higher overall density to the bastnäsite interface than the monodentate 
species.   
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ATR-FTIR spectra of ligands adsorbed to bastnäsite 
The vibrational frequencies of organic functional groups are sensitive to changes in coordination. Thus, 
FTIR spectra of ligands in the adsorbed state might reveal information about the mechanisms of 
adsorption. The effect of binding mode on carboxylate stretching frequencies is well known in the 
literature.63,64 Phosphinic acid ligands have not been as widely studied, but previous studies have shown 
shifts to the symmetric and asymmetric O-P-O stretch bands of phosphinic acid ligands from aqueous 
positions when adsorbed to goethite65,66 and when coordinated with metal ions in solution.67,68  
Figure 10 compares the spectra of 13b adsorbed to bastnäsite in situ with the aqueous spectrum. The 
corresponding spectra for 10b and 24 are shown in Figures S17 and S18. In the aqueous phase, the free 
ligand symmetric stretch appears at 1023 cm-1 and the asymmetric stretch is about 1145 cm-1.65,66 An 
additional band at 1113 cm-1 appears due to bending vibrations of the aromatic ring. When adsorbed to 
bastnäsite, the symmetric stretch band is shifted to higher frequency. The resulting band has a 
maximum at 1034 cm-1 with shoulders at 1023 and 1043 cm-1. The asymmetric stretch is red-shifted to 
1140 cm-1, with additional unresolved intensity between this band and the band at 1113 cm-1. The 
shifted components of the O-P-O bands are consistent with chemisorption of 13b, presumably via 
monodentate complexation with each phosphinic acid group,65 as suggested by DFT and AIMD 
simulations. The spectra also appear to have some contribution from unbound phosphinate, evidenced 
by the shoulder to the symmetric stretch at 1023 cm-1. This may be due to steric hindrance, preventing 
both functional groups from chelating on the same surface. No definitive conclusion can be made 
regarding the mechanism of adsorption of 10b , where only the symmetric O-P-O band shifts in the FTIR 
spectrum, whereas the asymmetric band does not shift, but increases in intensity (Figure S17).     
  
Figure 10. FTIR spectra of 13b (0.4 mM) adsorbed onto synthetic Ce-bastnäsite. The spectrum of the ligand in aqueous solution 
(4 mM) is shown in black at the bottom of the plot. The colored traces are the spectra taken at (bottom to top) 10, 20, 30, 40, 
50, and 60 minutes of the adsorbed ligand in situ, with the bastnäsite particle film and bulk water spectra subtracted (adsorbed 
spectra are vertically offset from aqueous spectra for clarity). The unlabeled peaks at 1090 cm-1 in each adsorbed spectrum are 
a residual peak from the bastnäsite background. 
The monophosphinic ligand 24 showed only very weak bands when adsorbed to bastnäsite (Figure S18). 
Even when the concentration was increased to 1 mM, the phosphinate bands were hardly detectable, 
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and did not appear to shift from their initial positions in the aqueous state. This result is consistent with 
the vSFG analysis, which revealed weaker binding of the monofunctional compared to the bis-
phosphinic ligand. Thus, despite the possibility that not all phosphinic groups adsorb simultaneously, the 
bis-phosphinic ligands 10b and 13b nonetheless adsorb more favorably to the bastnäsite surface than 
the monophosphinic ligand 24.  
Isothermal Titration Calorimetry (ITC) Measurements of Ligand Adsorption 
Enthalpies on Ce-Bastnäsite and Calcite  
To experimentally corroborate computational results showing stronger binding of phosphinic acids to 
bastnäsite than to calcite, the adsorption enthalpies of Ce-bastnäsite and calcite with 3 mM of each 
synthesized acid were measured by ITC. The results, normalized per mole of ligand, confirm stronger 
adsorption enthalpy on Ce-bastnäsite surface compared to calcite irrespective of the surface coverage 
(Table 4).  At low coverage (after 1 dose), the interaction enthalpy becomes less exothermic in the 
sequence 10b >> 13b > 24 ~11b. This confirms the findings from DFT and vSFG that the designed ligands 
10b and 13b show enhanced interaction with the surface of Ce-bastnäsite vs. calcite. At high coverage 
(after 20 doses), the integrated enthalpy values per mole of adsorbed ligand could not be rigorously 
determined because the amount of adsorbed ligand is unknown. Still, the data contain useful 
information regarding the relative adsorption affinity for a given mineral. Under high coverage the 
interaction enthalpy with the surface of Ce- bastnäsite decreases in the following order: 10b >> 24 > 13b 
> 11b, which precisely matches the relative surface population of each ligand at saturation obtained by 
vSFG (Figure 9c). We again find that 10b exhibits the strongest interaction with bastnäsite under low and 
high coverage. Furthermore, given similar surface areas of synthetic Ce-bastnäsite and calcite and lower 
water content in as-prepared CaCO3 (Table S4), the large difference in the binding energy between Ce-
bastnäsite and calcite at high coverage could be justifiably interpreted as favorable selectivity toward 
bastnäsite.  
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Table 4. Interaction enthalpies of CeFCO3 and CaCO3 (kJ per mole of acid) with bis-phosphinic acid ligands selected by 
computational work after 1 and 20 doses of 10 µl solution at 3 mM ligand concentration.    
Mineral/Ligand 1 dose 20 dosesa 
CeFCO3/10b 
CeFCO3/11b 
CeFCO3/13b 
CeFCO3/24 
CaCO3/10b 
CaCO3/11b 
CaCO3/13b 
CaCO3/24 
-216.9±43.2 
-121.4±59.3 
-143.3±74.1 
-128.3±34.1 
-49.7±15.4 
-73.5±12.2b 
-47.4±26.2 
-42.56±17.8 
-15.1±4.9 
-10.4±1.4 
-11.5±0.9 
-12.3±3.3 
-9.3±0.3 
-11.5±1.9b 
-5.8±1.7 
-8.7±1.6 
aThe sum of the exothermic peak areas with 20 doses. bMeasurements are performed for 1.5 mM ligand concentration.  
Conclusions 
We have employed a combination of electronic structure, de novo computer-aided design, and 
molecular mechanics calculations to identify and assess candidate bis-phosphinate ligands that bind 
strongly to Ce-bastnäsite. We first investigated the most important qualitative features of the binding of 
dimethylphosphinic acid on Ce-bastnäsite and calcite in the absence of water and on Ce-bastnäsite in 
the presence of water. Ce-bastnäsite binds phosphinates more strongly than calcite in the absence of 
water. We expect this effect to be more pronounced with bulkier bis-phosphinates because the calcite 
unit cell is much smaller than the Ce-bastnäsite unit cell. We also found that the presence of water 
results in both monodentate and bidentate binding modes having competitive binding energies, but it 
has little impact on the overall structures of the bound phosphinate ligands. Our supercell calculations 
identified four potential binding configurations: bidentate, repeated monodentate, staggered 
monodentate, and neighboring monodentate. Degree of freedom scans were conducted to set the 
permissible geometry drives for the generation of candidate bis-phosphinate ligands.  
Using the above information as a basis for structure-based design, HostDesigner was used to identify a 
number of viable ligand architectures.  Molecular mechanics calculations were used to rank these 
candidates with respect their to relative binding energies. After consideration of synthetic accessibility, 
we identified a total of 21 candidate ligands; eight had rigid cyclic backbones, eight had flexible open 
chain backbones, and the remaining five had semiflexible backbones with 3-4 rotatable bonds. The 
viability of the candidate ligands was assessed via additional DFT calculations. Of the five ligands with 
the strongest binding energies, two had rigid and three had semi-rigid backbones. The lipophilic analogs 
of the latter ligands were prepared and their adsorption to (100) bastnäsite surface was characterized 
using vSFG and ATR-FTIR spectroscopy. Shifts of the characteristic O-P-O peaks after ligand adsorption 
suggested involvement of the phosphinate groups in the surface complexation process. All 
computationally designed bis-phosphinate ligands outperformed a monophosphinate ligand in terms of 
the overall population of hydrophobic groups on the surface at low coverage, suggesting that two 
phosphinate groups are involved in the binding with the surface metal ion sites. However, the 
monofunctional species becomes more competitive at saturation, indicating that estimates of binding 
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strengths extracted from measurements taken for a given bulk concentration must also account for the 
differences in ligand size and the occupancy/obscuring of neighboring binding sites. In all cases studied 
here, ligand 10b exhibits the largest interfacial population of alkyl chains before and above saturation, 
offering a viable option for improving the recovery of rare earth ores from the surrounding gangue. 
Furthermore, DFT calculations suggest that the candidate ligands designed for Ce-bastnäsite had higher 
affinities for Ce-bastnäsite than for calcite. This is consistent with adsorption enthalpy measurements 
using ITC, confirming that Ce- bastnäsite has substantially stronger interaction with phosphinic acids 
than calcite.  Therefore, computationally designed ligands offer a potential of improving the recovery 
and grade of rare earth ores from the surrounding gangue. 
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